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Titanium-island formation on graphene as a function of defect density is investigated. When depositing
titanium on pristine graphene, titanium atoms cluster and form islands with an average diameter of about
10 nm and an average height of a few atomic layers. We show that if defects are introduced in the graphene by
ion bombardment, the mobility of the deposited titanium atoms is reduced and the average diameter of the
islands decreases to 5 nm with monoatomic height. This results in an optimized coverage for hydrogen storage
applications since the actual titanium surface available per unit graphene area is significantly increased.
Hydrogen is one of the most promising energy carri-
ers, particularly since its only combustion waste product
is water.1 Its practical exploitation, however, is hindered
by several technical problems. Among these one of the
most challenging is storage.1,2 In this respect, graphene
recently attracted attention as a storage material ow-
ing to its chemical stability, low weight, and favorable
physical-chemical properties for hydrogen adsorption.3
Importantly it was shown that this storage capacity
can be further increased by surface functionalization of
graphene.4 Titanium was indicated as one of the most
promising candidates for such functionalization.5,6 The-
oretical calculations showed gravimetric densities of up
to 7.8wt.%.5 These estimates were based on the assump-
tion of isolated titanium atoms positioned at the center
of the graphene hexagons. Unfortunately titanium forms
relatively large islands when deposited on a graphene
surface.7 Compared to individual atoms, islands present
less binding sites per atom for hydrogen.8 Indeed, as Ti
islands grow larger, more and more atoms are in the bulk
configuration and are expected not to contribute to the
net hydrogen-storage capacity of the system, with a re-
sulting significantly smaller hydrogen uptake. A possible
way to achieve smaller islands or even individual titanium
atoms on the graphene surface would be to reduce their
mobility on the graphene surface, so that they would not
cluster after deposition. Although this could in principle
be done by cooling down the sample, such an approach
is of no practical interest since upon the first annealing
cycle island coalescence would occur and lead to an irre-
versible change in island morphology.
Here we present a different approach based on the con-
trolled introduction of defects in the graphene layer. De-
fects change the electronic structure and can pin the ti-
tanium atoms to the defect sites themselves. Several
calculations predicted a strong binding of the titanium
atoms to defects in a graphene sheet.4,9,10 Due to an in-
creased charge transfer, the binding energy of the hydro-
gen molecules may be slightly lowered in the case of tita-
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nium on graphene with defects, but this is not expected
to influence the stability at room temperature.4,9,10
We used monolayer graphene grown on 4H–SiC(0001)
as a substrate. It was obtained by annealing atomically-
flat 4H–SiC(0001) samples for several minutes in argon
atmosphere11 of 780mbar at about 1700K in a resis-
tively heated cold-wall reactor (BM, Aixtron). Graphene
quality and the actual number of layers were verified by
atomic force microscopy and Raman spectroscopy.
All sample preparation and measurements were carried
out in a two-chamber ultra high vacuum (UHV) system
with a base pressure below 1 × 10−10mbar. For prepa-
ration and analysis, the system is equipped with H2 sup-
ply, sputter gun, heating/cooling stage (approx. 100K to
1300K), Ti-evaporator, and quadrupole mass spectrome-
ter. Characterization of the clean and processed surfaces
was performed with a variable-temperature scanning tun-
neling microscope (STM). Details about the microscope
can be found elsewhere.12 After introducing graphene
samples into the UHV system, they were annealed at
900K for several hours to remove water and other ad-
sorbates. This was done by direct current heating of the
substrate to ensure a homogeneous temperature. The
latter was measured by a type K thermocouple at the
position of the sample and cross-calibrated by an optical
pyrometer.
Defects in the graphene film were produced by
molecular-nitrogen sputtering. To this end samples were
positioned in the beam focus of the sputter gun, and
a nitrogen pressure of 1.5 × 10−8mbar was applied to
the preparation chamber through a needle valve. Sput-
ter energies between 50 eV and 300 eV as well as sputter
times from 30 s to 8min were used to produce different
defect patterns. Ion current was monitored by means
of an ampermeter connected to the sample. The size
and distribution of the resulting defects were analyzed
by high-resolution STM imaging.
Different types of defects can be induced by nitro-
gen sputtering depending on the sputter energy: nitro-
gen bombardment can create both vacancies and carbon-
atom substitutions.13–16 The latter defect type is more
likely at low energies around 50 eV, while there is a grow-
1
FIG. 1. (Color online) Number of defects per 100 nm2 induced
in graphene by N2-sputtering depending on (a) sputter time
and (b) sputter energy. In both cases, the number of defects
increases approximately linearly. The inset to (b) shows a 5×
5 nm2 STM image of an individual defect (V=1V, I=0.8 nA).
ing probability for vacancy formation with increasing en-
ergy. We did not observe any particular trend in the
size or shape of the individual defects created by varying
sputter time or energy. However, since similar hydrogen
binding properties are predicted for titanium pinned at
the two defect types,9,10 we did not distinguish between
the type of defect, but merely counted their total num-
ber. Additionally we measured the average size of the
distortion in the electronic structure as seen by STM.
As can be seen in Fig. 1, the defect density increases
linearly with (a) sputter time and (b) with sputter en-
ergy. The graphs show the counted number of defects per
100nm2, averaged over several images. Error bars are the
standard deviation of the average. The time–dependent
measurements were taken at a constant sputter energy of
E = 200 eV while the energy–dependent measurements
were taken at a constant sputter time of t = 150 s. An-
nealing the surface for t = 10min at a temperature of T =
900K did not change the distribution of the defects. The
inset of Fig. 1(b) shows a 5× 5nm2 STM image (V=1V,
I=0.8nA) of a defect, which was created by sputtering
at 100 eV, and the atomically-resolved graphene surface.
Figure 2 shows the change in the Raman spectra in-
duced by sputtering (Laser wavelength λ = 532nm).
The D, G, and 2D-peaks are marked. The other fea-
tures originate from the SiC substrate. The D-peak is
located around 1360 cm−1, it originates from the breath-
ing modes of the hexagonal rings and requires defects for
its activation.17,18 It is not present in pristine graphene
FIG. 2. (Color online) Raman spectra of the graphene sam-
ples. D, G, and 2D-peaks are marked. Other features orig-
inate from the substrate. The black curve shows the non-
sputtered sample, the red curve shows a sample which was
sputtered for 60 s, with an ion energy of E = 200 eV, and the
blue curve corresponds to 150 s of sputtering with identical
parameters (offset for clarity). The height of the D-Peak in-
creases with increasing number of defects, while the intensity
of the 2D-Peak decreases.
and increases in intensity with increasing disorder. The
2D-peak (historically also known as G’) is located at
2720 cm−1. It is the second order of the D-peak. Since
it originates from a process where two phonons with op-
posite wavevectors ensure momentum conservation, no
defects are required and thus it is also present in pris-
tine graphene. Nevertheless, the process is influenced
by the density of defects, and thus the intensity of the
2D-peak decreases for higher sputter rates, in good agree-
ment with previous reports.17
Following defect creation by sputtering, we deposited
titanium onto the surface. The total amount of de-
posited titanium for all samples was 0.55ML (1ML =
1.32× 1015 atoms/cm2), as calibrated by STM. The ob-
served change in the distribution of titanium as a func-
tion of the different sputtering parameters is shown in
Fig. 3. For small sputter energies up to approximately
100 eV that yield a rather low defect density, we regis-
tered little change in island distribution. The number
of islands increased very slowly and their average diam-
eter decreased by less than 20%. On the contrary, when
we increased the sputter energy (and therefore the de-
fect density) to 200 eV and more, we observed a signifi-
cant increase in the density of the titanium islands and
a marked decrease in their size. We counted approxi-
mately 10 times more islands per unit area with respect
to pristine graphene, and observed an average reduction
in their diameter by more than a factor of two.
Figure 3(a) shows a 100× 100 nm2 STM image of Ti-
islands deposited on a pristine graphene surface. Rel-
atively few islands are present, their average diameter
exceed 10 nm and their height is few (2 − 3) atomic lay-
ers. Sputtering the sample for 150 s at an ion energy of
E = 300 eV before titanium deposition leads to a much
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higher density of islands as shown in Fig. 3(b). Here is-
land diameters are around 5 nm and heights are of one
atomic layer only.
FIG. 3. (Color online) (a) 100 × 100 nm2 STM image of the
distribution of 0.55ML titanium on a pristine graphene sur-
face. (b) Similar STM image for Ti-deposition after sputter-
ing the sample at E = 300 eV for 150 s. The density of the is-
lands is strongly increased with the number of induced defects,
and their individual size decreases. (c) Number of islands per
100 nm2 for a sputter time of 150 s and different sputter en-
ergies. (d) Average diameter of the Ti-islands for different
sputter energies. (e) Evolution of the three–dimensional sur-
face area of the Ti-islands normalized to a 100 nm2 sample re-
gion depending on the sputter energy with a constant sputter
time of 150 s. The total surface area of the islands approxi-
mately increases by a factor of 4. rTi−G defined in the text
is obtained dividing the total surface area by 100 nm2.
Figure 3(c) shows the increase in the number of tita-
nium islands per 100 nm2 as a function of sputter energy
with a constant sputter time of 150 s. The corresponding
size of the islands is shown in Fig. 3(d). The measured
surface area of the titanium islands normalized to a sam-
ple region of 100nm2 is plotted in Fig. 3(e). It shows an
increase of the actual titanium surface by approximately
a factor of 4 for an intensely sputtered sample with re-
spect to Ti-deposition on a pristine graphene surface. It
is not possible to see the defects in the graphene sheet
underneath the titanium islands by STM, but we never
saw any defects in the uncovered regions between the
titanium islands. We conclude that the islands were in-
deed formed on top of the defects. Comparing Fig. 1(b)
and Fig. 3(c) leads to the observation that the number
of induced defects is approximately twice as high as the
number of titanium islands at any given sputter energy.
This indicates that there is often more than one defect
underneath an individual island. Importantly, titanium
islands were stable at least up to T = 900K: annealing
for 10min did not change the distribution as measured
by STM.
In summary, we investigated the dependence of tita-
nium island distribution on the number of defects in-
troduced in graphene. We showed that titanium atoms
deposited after nitrogen sputtering are less mobile on
the surface compared with pristine graphene and pin
onto the defects. This leads to more and significantly
smaller titanium islands, since it is no longer possible
for the atoms to move large distances and agglomerate
with other titanium atoms into large islands. This re-
sults in a larger surface available for hydrogen binding
per unit graphene area by a factor ≃ 4, as shown in
Fig. 3(e). Two effects contribute to this enhancement as
the island size decreases: (i) the fraction r of Ti atoms in
the surface of the islands relative to the total island Ti–
atom number increases, and (ii) the exposed Ti–surface
to total graphene–surface ratio rTi−G increases (compare
Figs. 3(a) and (b)). Both quantities can be directly mea-
sured. r scales as 1/d, the island diameter d reported
in Fig. 3(d). However, small islands (d < 5 nm) are of
monolayer height, therefore all atoms are surface atoms,
i.e. r = 1. Larger islands (d ∼ 10 nm) are 2 − 3 layers
high, so r ∼ 0.3 − 0.5. Also rTi−G is directly measured,
see Fig. 3(e).
These quantities can be used to evaluate the Gravimet-
ric Density (GD) of the system, i.e. the ratio of loaded-
hydrogen mass over total system mass. In order to ob-
tain GD, one also needs to know the average number of
loaded hydrogen molecules per Ti atom, nH2 . This was
estimated as a function of island size in several theoretical
studies,19–24 summarized in Fig. 4. If one considers the
spread of the plotted data and the characteristic cluster
sizes relevant for the present study, one can safely esti-
mate nH2 = 1 H2 molecule per Ti atom. The general
formula for GD can be written as
GD =
MH
MTi +MG +MH
=
nH2mH2rTi−G
mTirTi−G/r +mCσG/σTi + nH2mH2rTi−G
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FIG. 4. A survey of the available theoretical studies (Density
Functional Theory–based) on hydrogen adhesion on Ti clus-
ters. The binding energy per H atom is reported as a function
of the coverage (H atoms per surface Ti atom). Cluster size
nTi (coded in the dots color as reported) ranges from 1 to
15 Ti atoms. Higher binding energy (0.5–1.5 eV/atm) de-
notes chemisorbtion, lower energy (∼ 0.3 eV/atm) denotes
physisorption, however also intermediate or hybrid situations
are present. The general trend indicates a decreases of the
binding energy with increasing coverage, and a tendency to-
wards physisorption for high coverage, which, in fact, can
sustain up to 8 H2 molecules per Ti atom. Conversely, only
at most 2 H atoms per Ti atom can be chemically coordinated
on a Ti surface atom. Intermediate situations correspond to
configurations with part of the surface Ti atoms saturated
with chemisorbed H and additional molecules physisorbed in
the interstitial areas or non-saturated sites. The black lines
are guides to the eye (represented by A+B/x functions), in-
tended to indicate the boundaries of the scatter of the data.
Data are taken from Refs. 19–24.
with mx the atomic or molecular masses, and σx the sur-
face particle density. σTi can be evaluated from the in-
teratomic distance to be 13.2 atoms/nm2, which leads
to σG/σTi ≃ 2.88. All the involved quantities can be
measured.
Therefore, in the small islands regime r = 1 and
rTi−G = 0.55 leading to GD ≃ 1.8%. This number could
be increased up to 2.4% by increasing rTi−G to 1, corre-
sponding to almost complete Ti coverage of the graphene
sheet with small islands. In addition, there is a marked
trend of larger hydrogen uptake for smaller islands. If we
consider the few–Ti–atom limit, we expect nH2 = 4 for
all the regimes examined in the literature. By inserting
this value in the previous equation we obtain GD=6.8%,
close to the theoretical limit of about 7.8%.5 On the other
hand, in the large islands regime rTi−G ≃ 0.15− 0.2 (see
Fig. 3(e)) and r ≃ 0.3−0.5, leading to GD ≃ 0.5−0.75%
for nH2 = 1.
In conclusion, we have demonstrated that a controlled
introduction of defects in graphene reduces the size of
Ti islands on such surfaces, while at the same time their
number is increased, which overall results in an increased
surface area of the Ti islands for a given amount of de-
posited Ti. We show that this increases the gravimetric
hydrogen storage density from 0.5 − 0.75% for pristine
graphene to 2 − 2.5% for these samples. Reducing the
island size further, up to 7% seem feasible.
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